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[57] ABSTRACT 

A loss-less, optical add/drop multiplexer according to the 
present invention includes a rare earth-doped ?ber ampli?er 
integrated with a wavelength-selective ?ber path coupled 
between two directional optical transfer devices for selec 
tively adding and dropping optical signals from a multi 
wavelength signal, such as a wavelength division multi 
plexed optical signal. One or more ?ber gratings are 
disposed along the length of the rare earth-doped ?ber 
ampli?er or between segments of the rare earth-doped ?ber 
so that at least one grating is used for re?ecting each optical 
signal that is expected to be added to or dropped from the 
multi-wavelength optical signal. By using this con?guration, 
appropriate ampli?cation is provided to compensate for 
losses in the add, drop, and through paths. 

43 Claims, 5 Drawing Sheets 
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WAVELENGTH-SELECTIVE AND LOSS-LESS 
OPTICAL ADD/ DROP MULTIPLEXER 

CROSS REFERENCES TO RELATED 
APPLICATIONS 

This application is related to another US. patent 
application, Ser. No. 08/920,390 entitled “Expandable 
Wavelength-Selective and Loss-Less Optical Add/Drop 
System”, ?led concurrently hereWith, having a common 
inventor and assignee. 

FIELD OF THE INVENTION 

This invention relates generally to optical components for 
lightWave communications networks, and, more 
particularly, to an add/drop multiplexer used for removing 
and inserting individual optical signals of different Wave 
lengths from a multi-Wavelength optical signal. 

BACKGROUND OF THE INVENTION 

Wavelength division multiplexing (WDM) is commonly 
used in lightWave communications systems to provide 
increased transmission capacity. As is knoWn to those skilled 
in the art, the addition of an optical add/drop capability in 
WDM-based systems provides added ?exibility for remov 
ing and adding individual channels at intermediate nodes in 
the WDM transmission path, Which further enhances the 
management of optical transmissions in lightWave commu 
nications systems. Although some advances have been made 
in the development of optical add/drop multiplexers 
(ADMs), there is still a need for a highly selective, loss-less 
ADM for use in WDM-based systems. 

In general, most prior art ADMs utiliZe ?xed or tunable 
?ber gratings to provide the necessary Wavelength selectiv 
ity for the add/drop function. These prior art ADMs, Whether 
of the ?xed or tunable type, suffer numerous disadvantages, 
including: path loss for added, dropped, and “through” 
Wavelengths; high implementation costs; and numerous 
design limitations. 
Some prior art ADMs utiliZe tunable ?ber gratings in 

conjunction With directional optical transfer devices, such as 
directional optical couplers With optical isolators, to accom 
plish Wavelength-selective adding and dropping. Generally, 
these schemes employ ?ber gratings that either pass through 
a desired Wavelength or re?ect a Wavelength that is to be 
added or dropped. A major disadvantage of this type of 
ADM is the insertion loss associated With the splitting 
and/or combining of optical signals. Speci?cally, this type of 
ADM fails to effectively compensate for the losses that 
occur in the add, drop, and through paths. 

Other prior art ADM schemes attempt to compensate for 
losses by utiliZing optical circulators and ?ber gratings in 
conjunction With a “complete” optical ampli?er, commonly 
referred to as a “lumped” ampli?er. This type of ADM 
typically includes ?ber gratings disposed betWeen a ?rst and 
second optical circulator With a “lumped” ampli?er at the 
input side of the ?rst circulator. The lumped ampli?er at the 
input side is able to provide gain for the optical signals that 
are dropped via the ?rst circulator as Well as those optical 
signals that pass through the ADM Without being dropped. 
HoWever, the optical signals that are added via the second 
circulator do not pass through the lumped ampli?er. 
Consequently, this type of ADM does not effectively com 
pensate for the insertion loss experienced by the optical 
signals in the add path of the ADM. Similarly, a lumped 
ampli?er placed at the output side of the second circulator 
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2 
cannot effectively compensate for the insertion loss in the 
drop path because the optical signals re?ected by the ?ber 
gratings and dropped via the ?rst circulator do not pass 
through the lumped ampli?er at the output side of the second 
circulator. In sum, prior art ADMs With lumped optical 
ampli?ers suffer the disadvantages of inef?cient 
ampli?cation, higher implementation costs, and added 
design complexity as more lumped ampli?ers are added 
Within the various output paths of the ADM. 

Accordingly, there is a need for an optical add/drop 
multiplexer that is loss-less and that provides Wavelength 
selective add/drop capability to overcome the shortcomings 
of the prior art. 

SUMMARY OF THE INVENTION 

A loss-less, Wavelength-selective add/drop multiplexer is 
achieved according to the principles of the present invention 
With a con?guration that includes optical circulators used in 
conjunction With Wavelength-selective ?ber gratings placed 
betWeen segments of a rare earth-doped ?ber ampli?er for 
selectively adding and dropping Wavelengths from a multi 
Wavelength signal, such as a Wavelength division multi 
plexed optical signal. By using this con?guration, appropri 
ate ampli?cation is provided to compensate for speci?c 
losses in the add, drop, and through paths. 

Generally, the add/drop multiplexer of the present inven 
tion comprises an appropriate length of rare earth-doped 
optical ?ber coupled betWeen tWo directional optical transfer 
devices. One or more ?ber gratings are disposed along the 
length of the rare earth-doped ?ber or betWeen segments of 
the rare earth-doped ?ber so that at least one grating is used 
for each Wavelength in the multi-Wavelength optical signal 
that is expected to be added or dropped. 

In an illustrative embodiment of the present invention, the 
add/drop multiplexer is comprised of an erbium-doped opti 
cal ?ber coupled betWeen a ?rst and second optical circu 
lator. The erbium-doped optical ?ber is divided into at least 
tWo segments so that ?ber gratings, such as Bragg gratings, 
can be disposed along or betWeen the segments to provide a 
band re?ective ?ltering function. An optical signal, such as 
a Wavelength division multiplexed (WDM) signal having a 
plurality of optical carriers of different Wavelengths, is 
provided as input to the ?rst optical circulator. The WDM 
signal exits the ?rst optical circulator and is ampli?ed by at 
least one of the erbium-doped optical ?ber segments prior to 
reaching the Bragg gratings. The Bragg gratings are adapted 
by fabrication, and even tuning, to re?ect a subset of optical 
signals of selected Wavelengths back toWard the ?rst optical 
circulator. These re?ected signals are then dropped and 
demultiplexed or split as required. Those optical signals not 
re?ected by the Bragg gratings pass through to a second 
circulator Where other optical signals of selected Wave 
lengths can also be added. 
By optically pumping the erbium-doped ?ber ampli?er 

With an appropriate pump signal Wavelength, the erbium 
doped optical ?ber acts as a traveling Wave ampli?er that 
compensates for losses Where they occur, thereby assuring a 
substantially path equaliZed signal at each output of the 
ADM. Consequently, the present invention provides a loss 
less, Wavelength-selective add/drop capability that over 
comes the shortcomings of the prior art optical add/drop 
multiplexer con?gurations. 

BRIEF DESCRIPTION OF THE DRAWING 

A more complete understanding of the present invention 
may be obtained from-consideration of the folloWing 
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detailed description of the invention in conjunction With the 
drawing, With like elements referenced With like references, 
in Which: 

FIG. 1 shoWs a typical prior art add/drop multiplexer 
con?guration; 

FIG. 2 shoWs another prior art loW-loss add/drop multi 
plexer con?guration; 

FIG. 3 shoWs a loss-less optical add/drop multiplexer 
embodying the principles of the present invention; 

FIGS. 4 through 8 shoW variations on the pump source 
implementation in the basic embodiment of the optical 
add/drop multiplexer shoWn in FIG. 3; 

FIG. 9 shoWs an optical add/drop multiplexer con?gured 
to provide “drop and continue” service according to the 
principles of the present invention; 

FIG. 10 shoWs a metropolitan area netWork architecture 
utiliZing an optical add/drop multiplexer according to the 
principles of the present invention; and 

FIG. 11 shoWs a particular netWork element Within the 
metropolitan area netWork using the add/drop multiplexer of 
the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

A more complete understanding of the present invention 
can be obtained in vieW of a brief description of the prior art 
add/drop multiplexers (ADMs). Accordingly, FIG. 1 shoWs 
a typical prior art ADM con?guration described in US. Pat. 
No. 5,600,473, issued to Huber, entitled Optical Ampli?er 
Systems With Add/Drop Multiplexing. As shoWn, ?ber grat 
ings 101A, 101B, 102A, and 102B are used in conjunction 
With directional optical couplers 105, 106 and optical iso 
lators 110, 111 to provide a selective add/drop capability. 
Fiber gratings 101A and 101B are used to pass those 
Wavelengths that are to be dropped While re?ecting the other 
Wavelengths. Similarly, ?ber gratings 102A and 102B are 
used to re?ect those Wavelengths that are to be added While 
passing the other Wavelengths. As previously described, 
insertion losses can be found in each of the add, drop, and 
“through” paths of this ADM. 

In an attempt to compensate for these insertion losses, 
some prior art ADM con?gurations include a lumped optical 
ampli?er as shoWn in FIG. 2 and described in an article by 
Giles et al., Low-Loss Add/Drop Multiplexers for WDM 
Lightwave Networks, IOOC ’95, Paper ThC2-1. In this 
con?guration, ?ber gratings 201A and 201B are used in 
conjunction With optical circulators 205 and 206 along With 
a lumped ampli?er 210 placed at the input side or a lumped 
ampli?er 210‘ at the output side of the ADM. Fiber gratings 
201A and 201B are set to re?ect those Wavelengths to be 
dropped via circulator 205 as Well as those Wavelengths to 
be added via circulator 206. As previously described, plac 
ing lumped ampli?ers at the input side or output side of an 
ADM adds considerable design complexity and cost to the 
system, and, more importantly, does not effectively com 
pensate for all of the insertion losses in the add, drop and 
“through” paths. 

Referring to FIG. 3, there is shoWn an exemplary embodi 
ment of an ADM according to the principles of the present 
invention that incorporates a rare earth-doped ?ber ampli?er 
con?guration as an integrated part of the Wavelength 
selective ADM. One example of an increasingly common 
type of rare earth-doped ?ber ampli?er suitable for the 
present invention is an erbium doped-?ber ampli?er 
(EDFA). Accordingly, because the use of EDFAs and the 
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4 
associated bene?ts are Well knoWn in the art, the present 
invention Will be described With respect to the use of an 
EDFA. HoWever, it is also contemplated that other suitable 
rare earth elements may be used, such as praseodymium, 
neodymium, and the like. 

In general, the bene?ts of the present invention are 
achieved by judiciously integrating an ampli?cation 
medium and a Wavelength-selective ?ber path betWeen tWo 
directional optical transfer devices. As shoWn in FIG. 3, the 
present invention includes an erbium doped-?ber ampli?er 
(EDFA) comprised of at least tWo segments of erbium 
doped ?ber (EDF) 340 and 341, at least one Wavelength 
selective element 330, a pair of directional optical transfer 
devices 310 and 320, and a pump arrangement that includes 
a pump source 360, a coupler 362, and an optional pump 
isolator 363. By Way of example only, Wavelength selective 
elements 330 can be implemented With tunable ?ber Bragg 
gratings and directional optical transfer devices 310 and 320 
can be implemented With optical circulators. HoWever, other 
suitable Wavelength selective elements and directional opti 
cal transfer devices are knoWn in the art and may be used in 
the present invention to achieve the same results. It should 
also be noted that although only tWo EDF segments are 
shoWn in the illustrative embodiments, those skilled in the 
art Will understand from the folloWing teachings that mul 
tiple EDF segments may be used Without departing from the 
spirit and scope of the present invention. 

Input port 311 of optical circulator 310 is coupled to input 
optical ?ber 305 carrying a multi-Wavelength optical signal, 
such as a Wavelength division multiplexed (WDM) signal 
comprised of a given number of channels (i.e., optical 
carriers) each having a different Wavelength. EDF segment 
340 is coupled to output port 312 of optical circulator 310. 
EDF segment 341 is coupled to input port 321 of optical 
circulator 320, and output optical ?ber 350 is coupled to 
output port 322 of optical circulator 320. Optical circulator 
310 includes drop port 313 coupled to optical ?ber 314 for 
carrying those selected optical signals Which are to be 
dropped from the multi-Wavelength optical signal. Similarly, 
optical circulator 320 includes add port 323 coupled to 
optical ?ber 324 for carrying those selected optical signals 
Which are to be added to the multi-Wavelength optical signal. 
Those skilled in the art Will recogniZe that a number of 
different optical components may be coupled in to drop port 
313 and add port 323 depending on the application. Some 
examples of such optical components, although not shoWn, 
include optical multiplexers and demultiplexers, optical 
splitters, combiners, tunable optical ?lters, optical 
transmitters, and the like. 

Tunable ?ber Bragg gratings 330 are disposed betWeen 
EDF segments 340 and 341. Each of the ?ber Bragg gratings 
330 is tuned so that at least one ?ber Bragg grating 330 is 
used for each particular Wavelength that is to be added or 
dropped. Stated otherWise, ?ber Bragg gratings 330 are 
adapted to re?ect the particular Wavelength in the multi 
Wavelength optical signal that is to be added or dropped. 
Methods for adapting ?ber Bragg gratings using fabrication 
techniques or other tuning/programming techniques are Well 
knoWn in the art. These ?ber Bragg gratings 330 can be 
spliced into the ?ber path betWeen EDF segments 340 and 
341, etched directly on the ?ber path betWeen EDF segments 
340 and 341, or incorporated by other knoWn methods. For 
additional background information on the use of ?ber Bragg 
gratings as Wavelength selective components, see, for 
example, Hubner et al., Strong Bragg Gratings in Non 
Sensitizea' Low Loss Planar Waveguides as Building Blocks 
for WDM Network Components, SPIE Vol. 2998, No. 12, 
Photonics West 97, San Jose, Calif., 1997. 
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In one variation of the embodiment of FIG. 3, the erbium 
doped-?ber ampli?er can be a single active length of 
erbium-doped ?ber (EDF) comprising tWo contiguous EDF 
segments. In this con?guration, the tunable ?ber Bragg 
gratings are incorporated along the length of the EDF, e.g., 
directly etched into the EDF. 

In order to provide an amplifying effect, the EDF must be 
“pumped” so that the erbium ions can be excited to a higher, 
metastable energy state. As the ions at the higher energy 
state outnumber those at the normal ground state, a popu 
lation inversion is created Which sets the stage for the EDF 
to become an active amplifying medium. In the present 
invention, the EDF is illuminated With pump source 360, 
Which can be a semiconductor laser pump assembly, such as 
a laser diode pump shoWn in FIG. 3, or any other suitable 
pump source Well knoWn in the art. The luminous energy 
generated by pump source 360, also referred to as pump 
light, has a shorter Wavelength than any of the Wavelengths 
in the multi-Wavelength optical signal (i.e., signal light), and 
is typically either 980 nm or 1480 nm for an EDFA, 
depending on the application. Once the erbium ions are 
eXcited to the higher metastable state, they Will then either 
spontaneously decay back to the ground state causing spon 
taneous emission noise, or more signi?cantly, they Will be 
stimulated by an incoming signal photon at any Wavelength 
from the multi-Wavelength optical signal thereby emitting 
coherent photons. Coherent photons, Which are photons in 
the same direction, phase, and Wavelength as the incoming 
signal photon, constitute gain. Stated otherWise, passage of 
an incoming signal photon from the multi-Wavelength opti 
cal signal having a Wavelength corresponding to that of the 
eXcited state causes a decay from the excited state to the 
ground state, but With an associated stimulated emission that 
ampli?es the incoming signal. 

Referring again to FIG. 3, a forWard pumping con?gura 
tion is shoWn in Which the pump light is generated by pump 
source 360 in the same direction as the signal light from the 
multi-Wavelength optical signal. In this forWard pumping 
con?guration, or co-propagating pumped con?guration, 
pump source 360 is coupled betWeen output port 312 of 
optical circulator 310 and EDF segment 340 via Wavelength 
selective coupler 362. Additionally, an optional pump iso 
lator 363 may be coupled at the output of pump source 360 
to protect against the return of the pump signal via back 
scattering or re?ections Which could damage the laser. For 
additional background on this pumping arrangement, as Well 
as other pumping arrangements Which Will be described 
beloW in more detail, see US. Pat. No. 5,218,608, Optical 
?ber Ampli?er, issued to Aoki and herein incorporated by 
reference. 
An additional ?ber Bragg grating 331, referred hereinafter 

as pump re?ector ?ber grating 331, can also be incorporated 
Within the ?ber path to fully utiliZe the pump poWer gener 
ated by pump source 360. In particular, this pump re?ector 
?ber grating 331, Which is coupled betWeen EDF segment 
341 and input port 321 of optical circulator 320, is adapted 
(e.g., tuned) to re?ect the pump signal from pump source 
360. With this arrangement, the unused pump signal is 
re?ected back through EDF segments 341 and 340, 
respectively, thus improving ampli?cation ef?ciency. 

In another variation of the embodiment shoWn in FIG. 3, 
supervisory channels and/or maintenance channels can be 
added or dropped from the multi-Wavelength optical signal 
as required. Speci?cally, additional ?ber Bragg gratings (not 
shoWn) could be inserted betWeen EDF segments 340 and 
341 to re?ect Wavelengths corresponding to the supervisory 
channels and/or maintenance channels. Alternatively, for 
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6 
supervisory and/or maintenance channels having Wave 
lengths outside of the EDFA spectrum, the additional ?ber 
gratings (not shoWn) could be placed betWeen optical cir 
culator 310 and EDF segment 340 for dropping or betWeen 
EDF segment 341 and optical circulator 320 for adding. 
With these added gratings, supervisory and/or maintenance 
channels could then be dropped via drop port 313 of optical 
circulator 310 to preclude unnecessary ampli?cation of these 
channels across “through” path 325, that is, the path betWeen 
optical circulators 310 and 320. Similarly, supervisory and/ 
or maintenance channels could be added back into the 
multi-Wavelength optical signal via add port 323 of optical 
circulator 320 for transmission to the neXt netWork element 
in the lightWave system. 
The most important bene?ts of this unique ADM 

con?guration, as presently understood, can be appreciated in 
light of a description of the operation of the ADM as shoWn 
in FIG. 3. In operation, a multi-Wavelength optical signal 
(“input signal”) comprising optical signals having Wave 
lengths )tl through K” is transmitted through input optical 
?ber 305 and enters input port 311 of optical circulator 310. 
Pump source 360 supplies a pump signal to place the EDFA, 
comprising EDF segments 340 and 341, in an amplifying 
state. Optical circulator 310 circulates the input signal to 
output port 312 Where the input signal is then ampli?ed by 
EDF segment 340. Fiber Bragg grating or gratings 330 
re?ect the particular optical signals to be dropped. In FIG. 3, 
these optical signals to be dropped have Wavelengths rep 
resented as 9», (Where )tr={7tl, . . . )tk}, lékén) With 9», 
being a subset of all Wavelengths )tl through K” in the input 
signal. As the ampli?ed input signal reaches ?ber Bragg 
grating or gratings 330, optical signals M to be dropped are 
re?ected back through EDF segment 340 and back into 
output port 312 of optical circulator 310. These re?ected 
optical signals are then circulated to drop port 313 Where 
they are then dropped via optical ?ber 314. As previously 
described, various types of knoWn optical components may 
be used to manipulate the dropped optical signals accord 
ingly. It should be noted that the dropped optical signals M 
are suf?ciently ampli?ed by the return trip through EDF 
segment 340 in order to compensate for any insertion losses 
that occur Within the drop path. Accordingly, it can be seen 
that the gain of any dropped optical signals is determined by 
2><L1, Where L1 is the length of EDF segment 340, since the 
dropped optical signals pass through EDF segment 340 
tWice. 

Those optical signals not re?ected by ?ber Bragg grating 
or gratings 330 continue on “through path” 325 to EDF 
segment 341 Where they are ampli?ed again. As such, the 
gain of the “through” traf?c is determined by L1+L2 since 
the “through” signals pass through each EDF segment once. 
These “through” signals are then input to optical circulator 
320 via input port 321. Optical signals to be added are 
inserted by the appropriate optical components, such as 
optical transmitters, coupled to optical ?ber 324. These 
optical signals to be added enter optical circulator 320 via 
add port 323 and are circulated to eXit from input port 321. 
These optical signals then pass through and are ampli?ed by 
EDF segment 341. Fiber Bragg grating or gratings 330 
re?ect the optical signals to be added back through EDF 
segment 341 and back into input port 321 of optical circu 
lator 320. Optical circulator 320 outputs the “through” 
optical signals along With the added optical signals via 
output port 322 on output optical ?ber 350. The gain of the 
“added” optical signals is determined by 2><L2, Where L2 is 
the length of EDF segment 341, since the added optical 
signals pass through EDF segment 341 tWice. 
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As is evident by the above description, lengths L1 and L2 
of EDF segments 340 and 341, respectively, can be siZed 
accordingly to compensate for any insertion losses that 
occur Within the drop, add, and “through” paths. 
Speci?cally, EDF segment 340 having length L1 provides 
gain for losses occurring in the drop path and “through” 
path, While EDF segment 341 having length L2 provides 
gain for losses occurring in the add path and “through” path. 
Moreover, the present invention is customiZable in that the 
amount of gain needed for loss compensation in each of the 
paths can be adjusted by selecting appropriate lengths L1 
and L2 for EDF segments 340 and 341 and by selecting an 
appropriate poWer level for the pump signal. For example, in 
one practical design implementation for short-reach optical 
netWorks such as metropolitan area rings, lengths L1 and L2 
and the pump poWer could be selected accordingly to 
compensate for the losses associated With the higher of one 
of the folloWing: 

i) losses in the “through” path, Which, for short-reach 
paths, include losses occurring in the transmission ?ber 
betWeen netWork nodes. These losses are typically in 
the range of 5 db to 12 db for short-reach optical 
networks; 

ii) losses associated With dropping optical signals. The 
sensitivity of the optical receivers and technology used 
for signal splitting/demultiplexing must also be con 
sidered in determining these losses. If passive splitting 
is used, e.g., 3 db couplers, losses for a 16-Wavelength 
system can be about 12 db to 15 db; and 

iii) losses associated With adding optical signals. The 
poWer of optical transmitters used for the local add 
channels and technology adopted for signal combining/ 
multiplexing must also be considered in determining 
these losses. Again, if passive combining is used, e.g., 
3 db couplers, losses for a 16-Wavelength system can be 
about 12 db to 15 db. 

Consequently, the unique design of the present invention, 
that is, a segmented EDFA integrated With Wavelength 
selective ?ber gratings, provides an add/drop multiplexer 
that does not add any loss to the optical signal being 
processed. More speci?cally, the present invention can be 
designed to compensate for all losses normally associated 
With the adding, dropping, and “expressing” (i.e., passing 
through) of Wavelengths in the multi-Wavelength optical 
signal. In fact, the present invention is con?gurable in that 
it can be customiZed for a particular application by altering 
pump poWer and/or by selecting an appropriate number and 
lengths of EDF segments as previously described. With this 
capability, the present invention can even be designed to 
provide a net gain to the multi-Wavelength optical signal to 
compensate for losses that occur along the ?ber path outside 
of the physical plant Where the ADM netWork element is 
located. This use of the ADM is especially bene?cial for 
short-reach and intermediate-reach optical netWork 
applications, such as metropolitan area rings, Where ?ber 
losses are generally less than those found in long haul 
netWorks. 

It should also be noted that the EDFA con?guration of the 
present invention functions as a single-stage ampli?er even 
though multiple EDF segments are used. In particular, the 
multiple segments are pumped as a single ampli?er With one 
segment being pumped directly While the other segment is 
pumped by excess pump poWer through the one segment. 
Therefore, the ADM embodying the principles of the inven 
tion uses a single gain element in conjunction With a pump 
source, Wavelength selective elements, and optical transfer 
devices for amplifying the optical signals in the add, drop, 
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and through paths of the ADM. Moreover, by integrating the 
ampli?cation function of the EDFA With Wavelength 
selective adding/dropping via ?ber gratings, a totally 
Wavelength-selective and loss-less add/drop capability is 
provided at a loWer cost Without adding unnecessary design 
complexity. 

FIGS. 4 through 8 shoW variations on the pump source 
implementation in the basic embodiment of the optical 
add/drop multiplexer shoWn in FIG. 3. In each of these 
variations, it should be noted that the EDF amplifying 
medium is alWays betWeen the tWo optical circulators 310 
and 320. In particular, FIG. 4 shoWs a backWard pumping 
con?guration used to supply the pump signal to the EDFA in 
the ADM. All other aspects of the ADM shoWn and 
described in FIG. 3 apply equally to this embodiment. In this 
backWard pumping con?guration shoWn in FIG. 4, or 
counter-propagating pumped con?guration, the pump signal 
light is generated by pump source 360 in the opposite 
direction as the signal light from the multi-Wavelength 
optical input signal. Wavelength selective coupler 362 and 
optional pump isolator 363 are used in the same manner as 
that previously described for the corresponding elements in 
the co-propagating pumped con?guration of FIG. 3. In the 
counter-propagating pumped con?guration, pump source 
360 is coupled betWeen EDF segment 341 and input port 321 
of optical circulator 320. Also, ?ber Bragg grating 331, or 
pump re?ector ?ber grating 331, may be incorporated Within 
the ?ber path to fully utiliZe the pump poWer generated by 
pump source 360 in a similar manner as that previously 
described for the embodiment shoWn in FIG. 3. Speci?cally, 
this pump re?ector ?ber grating 331, coupled betWeen 
output port 312 of optical circulator 310 and EDF segment 
340, Would re?ect the pump signal back through EDF 
segments 340 and 341, respectively. 

FIG. 5 shoWs another variation of the pumping con?gu 
ration that combines the principles of the forWard and 
backWard pumping con?gurations of FIGS. 3 and 4, respec 
tively. Speci?cally, FIG. 5 shoWs a bi-directional pumping 
con?guration that is used to provide the pump signal to the 
EDFA in the ADM. Again, all other aspects of the ADM as 
shoWn and described in FIG. 3 apply equally to this par 
ticular embodiment. In this bi-directional pumping con?gu 
ration shoWn in FIG. 5, a pump signal is generated by pump 
source 360 in a forWard direction that is coherent With the 
signal light of the multi-Wavelength optical signal, and also 
by pump source 360A in a direction opposite to the signal 
light from the multi-Wavelength optical signal. Wavelength 
selective couplers 362 and optional pump isolators 363 are 
used here in the same manner as that previously described 
for the corresponding elements in the pumped con?gurations 
of FIGS. 3 and 4. One signi?cant difference in the pump 
con?guration of FIG. 5 is that a pump re?ector ?ber grating 
is not used. It Will be apparent to those skilled in the art that 
a pump re?ector in this con?guration Would prevent the 
pump signal from entering the EDFA. 

FIGS. 6 through 8 illustrate further embodiments of the 
present invention utiliZing variations of the pumped con 
?gurations shoWn in FIGS. 3 and 4. More speci?cally, FIG. 
6 shoWs an ADM according to the present invention With the 
EDFA being pumped by a pump signal through optical 
circulator 320. In this con?guration, pump source 360, 
optional pump isolator 363, and Wavelength selective cou 
pler 362 provide the same function as that previously 
described in the preceding embodiments. HoWever, Wave 
length selective coupler 362 couples the pump signal from 
pump source 360 to add port 323 of optical circulator 320. 
In operation, the pump signal is circulated clockWise by 
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optical circulator 320 so that the pump signal is transmitted 
out from input port 321 and through EDF segments 341 and 
340, respectively. It should be noted that this con?guration 
requires the pump signal Wavelength to be Within the 
bandWidth of optical circulator 320. 

FIG. 7 shoWs another variation of the pump con?guration 
With pump source 360 coupled on the input side of the ADM 
via input port 311 of optical circulator 310. The principles of 
operation are similar to those previously described for the 
co-propagating pump con?guration in FIG. 3, except that the 
pump signal Wavelength must be Within the bandWidth of 
optical circulator 310. All other features shoWn in FIG. 7 are 
the same as those described in the previous embodiments. 

FIG. 8 shoWs a variation of the pump con?guration of 
FIGS. 4 and 6. Speci?cally, the pump signal from pump 
source 360 is combined With other optical signals to be 
added via an optical component such as an optical multi 
plexer unit 365. Again, the pump signal Wavelength must be 
Within the bandWidth of optical circulator 320. In FIGS. 6 
through 8, a pump re?ector ?ber grating 331 may be 
incorporated Within the ?ber path to fully utiliZe the pump 
poWer generated by pump source 360 in a similar manner as 
that previously described for the embodiments shoWn in 
FIGS. 3 and 4. 

In certain applications, such as cable television (CATV) 
broadcast systems or certain types of ring architecture-based 
systems, the need exists to drop a copy of one or more 
optical signals While routing another copy as “express.” 
Typically, a drop and continue is performed by splitting the 
signal using a conventional 3 db splitting device, for 
example, and routing the split signals to a drop output port 
and to an express output port. HoWever, the splitting Will 
suffer a 3 db insertion loss associated With the split of optical 
poWer plus any excess loss resulting from the splitting 
device not being a perfect device. Additionally, there are 
costs associated With adding 3 db splitting devices. The 
present invention is particularly Well-suited for a drop and 
continue application in that no additional components are 
required and the losses can be adequately compensated for 
by the amplifying segments of the EDFA. 

FIG. 9 shoWs a drop and continue application using the 
co-propagating pumped ADM con?guration of FIG. 3. 
HoWever, the embodiment shoWn in FIG. 9 and described 
herein is intended to be illustrative only and other modi? 
cations are contemplated Without departing from the spirit 
and scope of the present invention. For example, the drop 
and continue function can be implemented in an equally 
effective manner using any of the previously described 
embodiments. Moreover, other modi?cations Will be appar 
ent to those skilled in the art in vieW of the teachings of the 
present invention. 

Referring to FIG. 9, a partially re?ecting ?ber grating 332 
is adapted to partially re?ect the optical signal to be dropped 
and continued, represented as )tdc. More speci?cally, the 
partially re?ecting ?ber grating 332 is coupled betWeen EDF 
segments 340 and 341 along With the other ?ber Bragg 
gratings 330 that are used for the normal drop/add function. 
KnoWn techniques can be used to provide partially re?ecting 
?ber grating 332. For example, if the ?ber gratings are 
generated by acoustic Waves, then partially re?ecting ?ber 
grating 332 can be generated With reduced amplitude acous 
tic Waves. If permanent ?ber gratings are used, then a grating 
With loW index variation could be used. Other techniques for 
providing the partially re?ecting ?ber grating 332 Will also 
be obvious to those skilled in the art. 

In operation, optical signal having Wavelength )tdc is 
ampli?ed by EDF segment 340, along With the other wave 
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lengths in the multi-Wavelength optical signal, and partially 
re?ected off of ?ber grating 332. Because of partial 
re?ection, optical signal )tdc is both re?ected back from ?ber 
grating 332 and also passed through ?ber grating 332, With 
both signals having reduced poWer as compared to the signal 
poWer before the partial re?ection. The re?ected optical 
signal )tdc is then ampli?ed again by EDF segment 340 so 
that optical signal )tdc can be dropped via drop port 313 of 
optical circulator 3 10 With suf?cient poWer. The optical 
signal )tdc that continues through ?ber grating 332 is ampli 
?ed again by EDF segment 341 so that the “continued” 
optical signal )tdc has suf?cient poWer for transmission With 
the remaining Wavelengths. 

Because of the nature of ?ber ampli?ers, knoWn gain 
?attening or gain equaliZation techniques could also be 
bene?cially used in each of the previously described 
embodiments. Speci?cally, and as is knoWn to those skilled 
in the art, ?ber ampli?ers such as EDFAs have non-uniform 
gain pro?les, that is, gain is not uniform over the Wavelength 
range of the EDFA. Consequently, prior art gain ?attening 
and gain equaliZation methods and techniques should be 
used in conjunction With the present invention. These tech 
niques are used to provide Wavelength selective signal 
attenuation in the spectrum of greatest gain to level out, or 
equaliZe, the overall ampli?er gain spectrum. By Way of 
example only, one effective gain equaliZation method is to 
use ?ber Bragg gratings to interact With the light Wave as a 
Wavelength selective ?lter. The ?lter function can be tailored 
to be the inverse of the Wavelength-dependent ampli?er gain 
by adjusting the spacing of the gratings. In the present 
invention, these gain-?attening ?ber gratings can be 
included along With the tunable ?ber gratings 330 in any of 
the embodiments shoWn and described herein. For addi 
tional background on the use of ?ber Bragg gratings for gain 
?attening and gain equaliZation, see Bergano et al., Long 
Period Fiber-Grating-Basea' Gain Equalizers, Optics 
Letters, Vol. 21, No. 5, Mar. 1, 1996. 

FIGS. 10 and 11 shoW hoW the present invention can be 
used in a dense Wavelength division multiplexed (DWDM) 
optical ring architecture for metropolitan area netWorks 
(MANs). The ADM of the present invention is particularly 
Well-suited for MAN ring applications because MANs are 
typically characteriZed by a high concentration of add/drop 
sites Within a small geographical region supporting a mix of 
transport signals. FIG. 10 shoWs an overall ring architecture 
for a MAN Which typically includes a number of local nodes 
400 connected via a backbone ring 410 to a long haul service 
node 420. Service node 420 is used to provide the necessary 
routing into a core netWork or to a sWitch (not shoWn). 
Backbone ring 410 Would be a multi-Wavelength optical ring 
having a number of Wavelengths, e.g., a 16-Wavelength 
system. Local nodes 400 carry all of the loop traffic into 
service node 420. Additionally, loWer capacity distribution 
rings 425 and 430 are generally multiplexed onto backbone 
ring 410 at local nodes 400. These loWer capacity distribu 
tion rings 425 and 430 are used to add and drop traffic at a 
number of customer premises nodes Which are typically 
serviced by customer premises equipment 435 such as the 
SLC®-2000 Access System or DDM-2000 FiberReach 
Multiplexer, both of Which are manufactured by Lucent 
Technologies, Inc. Distribution rings 425 and 430 are typi 
cally OC-3 (155 Mbps) or OC-12 (622 Mbps) rings. Dis 
tribution rings 425 Which extend betWeen tWo different local 
nodes 400 are often referred to as arcs, While distribution 
rings 430 Which begin and end With the same local node 400 
are referred to as loops. 
The ADM of the present invention Would be particularly 

useful at local nodes 400 (FIG. 10) because of the selective 
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add/drop capability. More speci?cally, FIG. 11 shows one 
particular implementation of local node 400 in Which ADM 
450 of the present invention is coupled to the multi 
Wavelength, high capacity backbone ring 410. In this 
example, tWo loWer capacity distribution rings are multi 
pleXed onto the high capacity backbone ring 410, those 
being an OC-3 arc 425 from another local node and a 
DDM-2000 loop 430 containing OC-12 traf?c from a cus 
tomer premises equipment 435. Using ADM 450, optical 
signals can be selectively added and/or dropped from both 
the OC-3 and OC-12 distribution rings at local node 400 
according to the principles of the present invention as 
previously described in detail. Use of DWDM in conjunc 
tion With the ADMs of the present invention also eliminates 
the need for synchroniZation/clock circuits because the 
various Wavelength components do not need to be synchro 
niZed With respect to each other. Although a MAN applica 
tion has been speci?cally described herein, there are numer 
ous other optical networking applications that Would also be 
Well-served by the ADM according to the principles of the 
present invention. 

It Will be understood that the particular embodiments 
described above are only illustrative of the principles of the 
present invention, and that various modi?cations could be 
made by those skilled in the art Without departing from the 
spirit and scope of the present invention. Accordingly, the 
scope of the present invention is limited only by the claims 
that folloW. 
What is claimed is: 
1. An optical add/drop netWork element including 
an input port for receiving a multi-Wavelength optical 

signal having individual optical signals of different 
Wavelengths, 

an output port for passing said multi-Wavelength optical 
signal from the optical add/drop netWork element, and 

?rst, second, and third optical transmission paths, Wherein 
said ?rst optical transmission path is a drop path for 

carrying at least one of said individual optical signals 
dropped from said multi-Wavelength optical signal, 
said drop path optically communicating With said 
input port, 

said second optical transmission path is an add path for 
carrying at least one optical signal of a particular 
Wavelength to be added to said multi-Wavelength 
optical signal, said add path optically communicat 
ing With said output port, and 

said third optical transmission path is a through path, 
coupled betWeen said input port and said output port, 
for carrying said multi-Wavelength signal, 

Wherein a common portion is de?ned by portions of each 
of said add, drop and through paths such that said 
common portion is capable of being used for adding 
and dropping individual optical signals and for carrying 
said multi-Wavelength signal, 

said common portion including a Wavelength-selective 
apparatus With integrated ampli?cation for use in the 
add/drop netWork element, the apparatus comprising: 
at least one Wavelength selective element disposed in a 

Wavelength-selective path betWeen said input port 
and said output port; 

an optically amplifying rare earth-doped ?ber section 
integrated With said Wavelength-selective path, said 
optically amplifying rare earth-doped ?ber section 
including 
a ?rst segment coupled betWeen said input port and 

said at least one Wavelength selective element, and 
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a second segment coupled betWeen said at least one 

Wavelength selective element and said output port; 
and 

a source of pump light coupled to and operable to pump 
said optically amplifying rare earth-doped ?ber 
section, 

Wherein said at least one Wavelength selective element 
is adapted to selectively re?ect said at least one 
individual optical signal to be dropped from said 
multi-Wavelength optical signal across said drop 
path via said ?rst segment. 

2. The optical add/drop netWork element of claim 1, 
Wherein said at least one Wavelength selective element is 
adapted to selectively re?ect said at least one optical signal 
of a particular Wavelength to be added to said multi 
Wavelength optical signal across said add path via said 
second segment. 

3. The optical add/drop netWork element of claim 2, 
Wherein the length of said ?rst segment is selected to provide 
optical ampli?cation gain for said dropped optical signal, 
Wherein the length of said second segment is selected to 
provide optical ampli?cation gain for said added optical 
signal, the optical ampli?cation gain for non-re?ected opti 
cal signals being determined by the combined length of said 
?rst and second segments, Wherein said optical add/drop 
netWork element is selectively con?gurable to provide loss 
compensation for said added and dropped optical signals by 
changing the lengths of said ?rst and second segments and 
by selectively controlling the poWer of said pump light 
source. 

4. The optical add/drop netWork element of claim 2, 
Wherein said at least one Wavelength selective element is 
selectively tunable to re?ect any one of said individual 
optical signals of different Wavelengths from said multi 
Wavelength optical signal. 

5. The optical add/drop netWork element of claim 1, 
Wherein said rare earth-doped optical ?ber section comprises 
erbium-doped optical ?ber. 

6. The optical add/drop netWork element of claim 1, 
Wherein said pump light source is coupled to said rare 
earth-doped optical ?ber section in a co-propagating pump 
con?guration, said pump light source being operable to 
generate said pump light in a same direction as said multi 
Wavelength optical signal. 

7. The optical add/drop netWork element of claim 1, 
Wherein said pump light source is coupled to said input port 
in a co-propagating pump con?guration, said pump light 
source being operable to emit pump light having a Wave 
length Within a bandWidth of said input port in a same 
direction as said multi-Wavelength optical signal. 

8. The optical add/drop netWork element of claim 1, 
Wherein said pump light source is coupled to said rare 
earth-doped ?ber section in a counter-propagating pump 
con?guration, said pump light source being operable to 
generate said pump light in an opposite direction as said 
multi-Wavelength optical signal. 

9. The optical add/drop netWork element of claim 1, 
Wherein said pump light source is coupled to said add path, 
said pump light source being operable to emit pump light in 
a same direction as said at least one optical signal of a 
particular Wavelength to be added to said multi-Wavelength 
optical signal, and in an opposite direction as said multi 
Wavelength optical signal. 

10. The optical add/drop netWork element of claim 1, 
Wherein said pump light source is coupled to said rare 
earth-doped optical ?ber section in a hybrid bi-directional 
pump con?guration, said pump light source being operable 
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to emit pump light in both a same direction and an opposite 
direction as said multi-Wavelength optical signal. 

11. The optical add/drop netWork element of claim 1, 
Wherein said at least one Wavelength selective element is an 
in-?ber Bragg grating. 

12. The optical add/drop netWork element of claim 6, 
further comprising a pump re?ector ?ber grating coupled 
Within said through path for selectively re?ecting said pump 
light back through said second and ?rst segments, respec 
tively. 

13. The optical add/drop netWork element of claim 8, 
further comprising a pump re?ector ?ber grating coupled 
Within said through path for selectively re?ecting said pump 
light back through said ?rst and second segments, respec 
tively. 

14. The optical add/drop netWork element of claim 1, 
further comprising at least a second Wavelength selective 
element disposed along said through path for re?ecting a 
non-payload optical signal to be added to and removed from 
said multi-Wavelength optical signal. 

15. The optical add/drop netWork element of claim 14, 
Wherein said non-payload optical signal is selected from the 
group consisting of a supervisory channel and a maintenance 
channel. 

16. The optical add/drop netWork element of claim 1, 
further comprising: 

at least a second Wavelength selective element disposed 
betWeen said ?rst and second segments for a drop and 
continue operation; 

said at least second Wavelength selective element being 
adapted to partially re?ect at least one of said indi 
vidual optical signals to produce both a partially 
re?ected optical signal and an express optical signal; 

said partially re?ected optical signal being re?ected back 
across said drop path via said ?rst segment; 

said express optical signal continuing along said through 
path With said multi-Wavelength optical signal via said 
second segment. 

17. The optical add/drop netWork element of claim 3, 
further comprising at least one gain-?attening ?ber grating 
disposed betWeen said ?rst and second segments, said at 
least one gain-?attening ?ber grating being operable to 
?atten the optical ampli?cation gain for said non-re?ected 
optical signals. 

18. An optical add/drop netWork element including 
an input port for receiving a Wavelength division multi 

plexed (WDM) optical signal having individual optical 
carriers of different Wavelengths, 

an output port for passing said WDM optical signal from 
the optical add/drop netWork element, and 

?rst, second, and third optical transmission paths, Wherein 
said ?rst optical transmission path is a drop path for 

carrying at least one of said individual optical car 
riers dropped from said WDM optical signal, said 
drop path optically communicating With said input 
port, 

said second optical transmission path is an add path for 
carrying at least one optical carrier of a particular 
Wavelength to be added to said WDM optical signal, 
said add path optically communicating With said 
output port, and 

said third optical transmission path is a through path, 
coupled betWeen said input port and said output port, 
for carrying said WDM optical signal, 

Wherein a common portion is de?ned by portions of each 
of said add, drop and through paths such that said 
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common portion is capable of being used for adding 
and dropping individual optical carriers and for carry 
ing said WDM optical signal, 

said common portion including a Wavelength-selective 
apparatus With integrated ampli?cation for use in the 
add/drop netWork element, the apparatus comprising: 
at least one Wavelength selective element disposed in a 

Wavelength-selective path betWeen said input port 
and said output port; 

a rare earth-doped optical ?ber section integrated With 
said Wavelength-selective path betWeen said input 
port and said output port for optically amplifying 
said WDM optical signal; and 

a source of pump light coupled to and operable to pump 
said rare earth-doped optical ?ber section, 

Wherein said at least one Wavelength selective element 
is adapted to selectively re?ect said at least one 
individual optical carrier to be dropped from said 
WDM optical signal across said drop path via said 
?rst segment, and 

Wherein said at least one Wavelength selective element 
is further adapted to selectively re?ect said at least 
one optical carrier of a particular Wavelength to be 
added to said WDM optical signal across said add 
path via said second segment. 

19. The optical add/drop netWork element of claim 18, 
Wherein said rare earth-doped optical ?ber section com 
prises: 

a ?rst segment; and 

a second segment contiguous With said ?rst segment, 
Wherein the length of said ?rst segment is selected to 

provide optical ampli?cation gain for said dropped 
optical carrier, Wherein the length of said second seg 
ment is selected to provide optical ampli?cation gain 
for said added optical carrier, the optical ampli?cation 
gain for non-re?ected optical carriers being determined 
by the combined length of said ?rst and second 
segments, and 

Wherein said optical add/drop netWork element is selec 
tively con?gurable to provide loss compensation for 
said added and dropped optical carriers by changing the 
lengths of said ?rst and second segments and by 
selectively controlling the poWer of said pump light 
source. 

20. The optical add/drop netWork element of claim 18, 
Wherein said rare earth-doped optical ?ber section comprises 
an erbium-doped optical ?ber section. 

21. The optical add/drop netWork element of claim 19, 
further comprising: 

at least a second Wavelength selective ?ber grating dis 
posed along said rare earth-doped optical ?ber section 
for a drop and continue operation; 

said at least second Wavelength selective ?ber grating 
being adapted to partially re?ect at least one of said 
plurality of optical carriers in said WDM optical signal 
to produce both a partially re?ected optical carrier and 
an express optical carrier; 

said partially re?ected optical carrier being re?ected back 
across said drop path via said ?rst segment; 

said express optical carrier continuing along said through 
path With said WDM optical signal via said second 
segment. 

22. An optical add/drop netWork element including 
a ?rst directional optical transfer device including at least 

?rst, second and third ports, said ?rst port being respon 
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sive to a rnulti-Wavelength optical signal having a 
plurality of optical signals of different Wavelengths, 
said third port for passing at least one of said plurality 
of optical signals to be dropped from said rnulti 
Wavelength optical signal, and 

a second directional optical transfer device including at 
least ?rst, second and third ports, said second port for 
passing said rnulti-Wavelength optical signal from the 
optical add/drop netWork elernent, said third port for 
receiving at least one of said plurality of optical signals 
to be added to said rnulti-Wavelength optical signal, 

a Wavelength-selective apparatus With integrated arnpli 
?cation for use in the add/drop netWork elernent, corn 
prising: 
at least one Wavelength selective elernent disposed in a 

Wavelength-selective path betWeen said ?rst and 
second directional optical transfer devices; 

an optically amplifying rare earth-doped ?ber section 
integrated With said Wavelength-selective path, said 
optically arnplifying rare earth-doped ?ber section 
including 
a ?rst segrnent having a ?rst end coupled to said 

second port of said ?rst directional optical transfer 
device and a second end coupled to said at least 
one Wavelength selective element, and 

a second segment having a ?rst end coupled to said 
at least one Wavelength selective element and a 
second end coupled to said ?rst port of said second 
directional optical transfer device; and 

a source of pump light coupled to and operable to pump 
said optically arnplifying rare earth-doped ?ber 
section, 

Wherein said at least one Wavelength selective element 
is adapted to selectively re?ect at least one of said 
plurality of optical signals back toWards said second 
port of said ?rst directional optical transfer device 
via said ?rst segment, and 

Wherein said ?rst directional optical transfer device is 
operable to drop said at least one re?ected optical 
signal from said rnulti-Wavelength optical signal by 
circulating said at least one re?ected optical signal 
out through said third port. 

23. The optical add/drop netWork element of claim 22, 
Wherein said third port of said second directional optical 
transfer device is used to add an optical signal having a 
particular Wavelength to said rnulti-Wavelength optical 
signal, said second directional optical transfer device being 
operable to circulate said added optical signal out said ?rst 
port and through said second segment, said at least one 
Wavelength selective element being adapted to selectively 
re?ect said added optical signal back toWards said ?rst port 
of said second directional optical transfer device via said 
second segment, said second directional optical transfer 
device being further operable to circulate said added optical 
signal along With said rnulti-Wavelength optical signal via 
said second port. 

24. The optical add/drop netWork element of claim 23, 
Wherein the length of said ?rst segment is selected to provide 
optical arnpli?cation gain for said dropped optical signal, 
Wherein the length of said second segment is selected to 
provide optical arnpli?cation gain for said added optical 
signal, the optical arnpli?cation gain for non-re?ected opti 
cal signals being determined by the combined length of said 
?rst and second segrnents, Wherein said optical add/drop 
rnultipleXer is selectively con?gurable to provide loss corn 
pensation for said added and dropped optical signals by 
changing the lengths of said ?rst and second segments and 
by selectively controlling the poWer of said purnp light 
source. 
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25. The optical add/drop netWork element of claim 23, 

Wherein said at least one Wavelength selective element is 
selectively tunable to re?ect any one of said plurality of 
optical signals of different Wavelengths from said rnulti 
Wavelength optical signal. 

26. The optical add/drop netWork element of claim 23, 
Wherein said ?rst and second directional optical transfer 
devices comprise a ?rst and second optical circulator, 
respectively. 

27. The optical add/drop netWork element of claim 22, 
Wherein said rare earth-doped ?ber section comprises 
erbiurn-doped optical ?ber. 

28. The optical add/drop netWork element of claim 26, 
Wherein said purnp light source is coupled betWeen said 
second port of said ?rst optical circulator and said ?rst end 
of said ?rst segment in a co-propagating purnp 
con?guration, said purnp light source being operable to 
generate said purnp light in a same direction as said rnulti 
Wavelength optical signal. 

29. The optical add/drop netWork element of claim 26, 
Wherein said purnp light source is coupled to said ?rst port 
of said ?rst optical circulator in a co-propagating purnp 
con?guration, said purnp light source being operable to emit 
purnp light having a Wavelength Within a bandWidth of said 
?rst optical circulator, said ?rst optical circulator being 
operable to circulate said purnp light in a same direction as 
said rnulti-Wavelength optical signal via said second port. 

30. The optical add/drop netWork element of claim 26, 
Wherein said purnp light source is coupled betWeen said 
second end of said second segment and said ?rst port of said 
second optical circulator in a counter-propagating purnp 
con?guration, said purnp light source being operable to 
generate said purnp light in an opposite direction as said 
rnulti-Wavelength optical signal. 

31. The optical add/drop netWork element of claim 26, 
Wherein said purnp light source is coupled to said third port 
of said second optical circulator, said purnp light source 
being operable to emit purnp light having a Wavelength 
Within a bandWidth of said second optical circulator, said 
second optical circulator being operable to circulate said 
purnp light in an opposite direction as said rnulti-Wavelength 
optical signal via said ?rst port. 

32. The optical add/drop netWork element of claim 26, 
Wherein said purnp light source is arranged in a hybrid 
bi-directional purnp con?guration, said purnp light source 
being coupled betWeen said second port of said ?rst optical 
circulator and said ?rst end of said ?rst segment, and further 
coupled betWeen said ?rst port of said second optical 
circulator and said second end of said second segment, said 
purnp light being pumped in both a same direction and an 
opposite direction as said rnulti-Wavelength optical signal. 

33. The optical add/drop netWork element of claim 22, 
Wherein said at least one Wavelength selective element is an 
in-?ber Bragg grating. 

34. The optical add/drop netWork element of claim 28, 
further comprising a pump re?ector ?ber grating coupled 
betWeen said ?rst port of said second optical circulator and 
said second end of said second segment for selectively 
re?ecting said purnp light back through said second and ?rst 
segrnents, respectively. 

35. The optical add/drop netWork element of claim 30, 
further comprising a pump re?ector ?ber grating coupled 
betWeen said second port of said ?rst optical circulator and 
said ?rst end of said ?rst segment for selectively re?ecting 
said purnp light back through said ?rst and second segrnents, 
respectively. 

36. The optical add/drop netWork element of claim 26, 
further comprising at least a second Wavelength selective 
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elernent disposed between said ?rst and second optical 
circulators for re?ecting a non-payload optical signal to be 
added to and removed from said rnulti-Wavelength optical 
signal. 

37. The optical add/drop network element of claim 36, 
Wherein said non-payload optical signal is selected from the 
group consisting of a supervisory channel and a maintenance 
channel. 

38. The optical add/drop netWork element of claim 22, 
further comprising: 

at least a second Wavelength selective elernent disposed 
betWeen said second end of said ?rst segment and said 
?rst end of said second segment for a drop and continue 
operation; 

said at least second Wavelength selective element being 
adapted to partially re?ect at least one of said plurality 
of optical signals to produce both a partially re?ected 
optical signal and an express optical signal; 

said partially re?ected optical signal being re?ected back 
toWards said second port of said ?rst directional optical 
transfer device via said ?rst segment, said ?rst direc 
tional optical transfer device being operable to drop 
said partially re?ected optical signal via said third port; 

said express optical signal continuing along With said 
rnulti-Wavelength optical signal via said second seg 
rnent. 

39. The optical add/drop netWork element of claim 24, 
further comprising at least one gain-?attening ?ber grating 
disposed betWeen said second end of said ?rst segment and 
said ?rst end of said second segment, said at least one 
gain-?attening ?ber grating being operable to ?atten the 
optical arnpli?cation gain for said non-re?ected optical 
signals. 

40. An optical add/drop netWork elernent including 
a ?rst optical circulator including at least ?rst, second and 

third ports, said ?rst port being responsive to a Wave 
length division rnultiplexed (WDM) optical signal hav 
ing a plurality of optical carriers of different 
Wavelengths, said third port for passing at least one of 
said plurality of optical carriers to be dropped from said 
WDM optical signal, and 

a second optical circulator including at least ?rst, second 
and third ports, said second port for passing said WDM 
optical signal from the optical add/drop netWork 
elernent, said third port for receiving at least one of said 
plurality of optical carriers to be added to said WDM 
optical signal, 

a Wavelength-selective apparatus With integrated arnpli 
?cation for use in the optical add/drop netWork 
elernent, comprising: 
at least one Wavelength selective elernent disposed in a 

Wavelength-selective path betWeen said ?rst and 
second optical circulators; 

a rare earth-doped optical ?ber section integrated With 
said Wavelength-selective path for optically arnpli 
fying said WDM optical signal, said at least one 
Wavelength selective element being disposed along 
said rare earth-doped optical ?ber section; and 

a source of pump light coupled to and operable to pump 
said rare earth-doped optical ?ber section, 

Wherein said at least one Wavelength selective element 
is adapted to selectively re?ect at least one of said 
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plurality of optical carriers back toWards said second 
port of said ?rst optical circulator via said ?rst 
segrnent, 

Wherein said ?rst optical circulator is operable to drop 
5 said at least one re?ected optical carrier from said 

WDM optical signal by circulating said at least one 
re?ected optical carrier out through said third port, 
and 

Wherein said third port of said second optical circulator 
is used to add an optical carrier having a particular 
Wavelength to said WDM optical signal, said second 
optical circulator being operable to circulate said 
added optical carrier out through said ?rst port, said 
at least one ?ber grating being adapted to selectively 
re?ect said added optical carrier back toWards said 
?rst port of said second optical circulator via said 
second segment, said second optical circulator being 
further operable to circulate said added optical car 
rier along With said WDM optical signal via said 
second port. 

41. The optical add/drop netWork element of claim 40, 
Wherein said rare earth-doped optical ?ber section corn 
prises: 

1O 
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25 a ?rst segment; and 

a second segment contiguous With said ?rst segrnent, 
Wherein the length of said ?rst segment is selected to 

provide optical arnpli?cation gain for said dropped 
optical carrier, Wherein the length of said second seg 
rnent is selected to provide optical arnpli?cation gain 
for said added optical carrier, the optical arnpli?cation 
gain for non-re?ected optical carriers being determined 
by the combined length of said ?rst and second 
segments, and 
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wherein the optical add/drop netWork element is selec 
tively con?gurable to provide loss compensation for 
said added and dropped optical carriers by changing the 
lengths of said ?rst and second segments and by 
selectively controlling the poWer of said purnp light 
source. 

42. The optical add/drop netWork element of claim 40, 
Wherein said rare earth-doped optical ?ber section comprises 
erbiurn-doped optical ?ber. 

43. The optical add/drop netWork element of claim 41, 
further comprising: 
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at least a second Wavelength selective ?ber grating dis 
posed along said rare earth-doped optical ?ber section 
for a drop and continue operation; 

50 said at least second Wavelength selective ?ber grating 
being adapted to partially re?ect at least one of said 
plurality of optical carriers in said WDM optical signal 
to produce both a partially re?ected optical carrier and 
an express optical carrier; 

55 said partially re?ected optical carrier being re?ected back 
toWards said second port of said ?rst optical circulator 
via said ?rst segrnent, said ?rst optical circulator being 
operable to drop said partially re?ected optical carrier 
via said third port; 

60 said express optical carrier continuing along With said 
WDM optical signal via said second segment. 

* * * * * 


